During host colonization, Campylobacter jejuni is exposed to harmful reactive oxygen species (ROS) produced from the host immune system and from the gut microbiota. Consequently, identification and characterization of oxidative stress defenses are important for understanding how C. jejuni survives ROS stress during colonization of the gastrointestinal tract. Previous transcriptomic studies have defined the genes belonging to oxidant stimulons within C. jejuni. We have constructed isogenic deletion mutants of these identified genes to assess their role in oxidative stress survival. Phenotypic screening of 109 isogenic deletion mutants identified 22 genes which were either hypersensitive or hyposensitive to oxidants, demonstrating important roles for these genes in oxidant defense. The significance of these genes in host colonization was also assessed in an in vivo chick model of C. jejuni colonization. Overall, our findings identify an indirect role for motility in resistance to oxidative stress. We found that a nonmotile flagellum mutant, the ⌬motAB mutant, displayed increased sensitivity to oxidants. Restoration of sensitivity to superoxide in the ⌬motAB mutant was achieved by fumarate supplementation or tandem deletion of motAB with ccoQ, suggesting that disruption of the proton gradient across the inner membrane resulted in increased superoxide production in this strain. Furthermore, we have identified genes involved in cation transport and binding, detoxification, and energy metabolism that are also important factors in oxidant defense. This report describes the first isogenic deletion mutant library construction for screening of relevant oxidative stress defense genes within C. jejuni, thus providing a comprehensive analysis of the total set of oxidative stress defenses.
C
ampylobacter jejuni is a Gram-negative, microaerophilic, human pathogen (1) that is the second most reported cause of food-borne bacterial gastroenteritis in the United States (2) and results in 400 million to 500 million cases of infection worldwide per year (2, 3) . Illness caused by C. jejuni typically results in symptoms such as watery or bloody diarrhea, fever, nausea, and abdominal pain (4) . Furthermore, C. jejuni infection has also been linked with the development of a rare but serious neuromuscular disorder known as Guillain Barré syndrome (5) . As a microaerophilic bacterium, C. jejuni requires low levels of molecular oxygen for proper growth due to its dependence on an oxygen-dependent ribonucleotide reductase (6) . However, this dependence on the presence of oxygen for growth inevitably results in the exposure of important biological molecules, such as DNA, proteins, and lipids, to reactive oxygen species (ROS). These ROS originate from several different sources, both within C. jejuni and from its environment. Superoxide radicals (O 2 ·Ϫ ) and hydrogen peroxide (H 2 O 2 ) are produced within C. jejuni during normal respiration as a consequence of molecular oxygen nonspecifically oxidizing respiratory chain dehydrogenases (7) . In addition, oxidation of cellular ferrous ions by H 2 O 2 results in the production of the particularly powerful oxidizing species hydroxyl radicals ( · OH) (8) . ROS are also produced by neutrophils, which are recruited to the gut in large numbers as part of the immune response and which catalyze the formation of O 2 ·Ϫ as a strategy for killing pathogenic bacteria (9) . Finally, the gut microbiota, in particular lactic acid bacteria, also produces exogenous H 2 O 2 in an attempt to eliminate bacteria competing to colonize the same niche (8, 10) . Consequently, C. jejuni contains numerous ROS detoxification pathways to survive both endogenously and exogenously produced ROS and colonize its host. The importance of these cellular defenses for C. jejuni survival against ROS has been demonstrated by characterizing ROS detoxification enzymes such as KatA, SodB, AhpC, Tpx, and Bcp (11) (12) (13) (14) . In addition, these oxidative stress defense enzymes play an important role in host colonization and pathogenesis. Recent work has highlighted this role by demonstrating that in the neonate piglet infectious model a ⌬katA mutant was outcompeted by the wild-type C. jejuni strain (15) . Clearly, oxidative stress defenses play an important role in C. jejuni pathogenesis.
In order to identify unforeseen players in ROS defense in C. jejuni, our laboratory previously used genome-wide transcriptome analysis to characterize the oxidant stimulons of C. jejuni. Specifically, our work defined C. jejuni's transcriptomic response to 1 mM H 2 O 2 , 1 mM cumene hydroperoxide (CHP), or 1 mM menadione sodium bisulfite (MND) exposure (16) . Furthermore, we also characterized the transcriptomic responses in a ⌬perR mutant background to identify potential novel oxidative stress defense genes regulated by the PerR peroxide-sensing regulator (16, 17) . In this study, we describe the construction of a library of isogenic deletion mutants with mutations in the genes identified by our microarray analysis and their subsequent phenotypic characterization. A total of 109 isogenic deletion mutants were constructed, followed by in vitro phenotypic analysis of oxidant sensitivity and in vivo characterization of selected mutants using chick colonization assays. We have identified 22 mutants that were either hypersensitive or hyposensitive to H 2 O 2 , cumene hydroperoxide, and/or menadione sodium bisulfite and thus have revealed important roles for these genes in oxidative stress defense in C. jejuni. The identified genes function in processes such as detoxification, cation transport and binding, energy metabolism, and phosphate transport. We also identified an indirect role for bacterial motility in protecting C. jejuni against oxidative stress. The relevance of the oxidative stress defense mutants in chick colonization was also assessed and revealed important genes required for successful colonization of the chick cecum.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Escherichia coli DH5␣ and K-12 strains were cultured aerobically at 37°C in Luria-Bertani (LB) broth or on LB agar plates. LB broth and plates were supplemented with 100 g/ml ampicillin, 50 g/ml kanamycin, and/or 10 g/ml chloramphenicol as required. Campylobacter jejuni NCTC11168 was grown under microaerophilic conditions (83% N 2 , 4%H 2 , 8% O 2 , and 5% CO 2 ) at 37°C in a MACS-VA500 workstation (Don Whitley, West Yorkshire, England). C. jejuni was cultured in Mueller-Hinton (MH) broth in biphasic flasks or on MH agar plates. Campylobacter strains containing antibiotic resistance cassettes were grown on MH agar plates supplemented with 10 g/ml kanamycin and/or 20 g/ml chloramphenicol as required. The plasmids and bacterial strains used in this study are listed in Table S1 in the supplemental material.
Construction of isogenic deletion mutants. Construction of isogenic deletion mutants was done using the In-fusion Dry-down PCR cloning kit (Clontech). Briefly, target genes plus flanking regions were amplified using Taq polymerase (Invitrogen) with the corresponding gene primers (Invitrogen) listed in Table S2 in the supplemental material. The In-fusion Dry-down cloning kit was used to directionally clone the amplified gene products into BamHI (Invitrogen)-digested pUC19. Subsequently, inverse PCR was used to amplify pUC19 plus the flanking end regions of the target gene. A chloramphenicol or kanamycin antibiotic resistance cassette was directionally cloned into the inverse PCR product, disrupting the target gene. The final construct was sequenced to confirm the absence of point mutations and then naturally transformed into C. jejuni NCTC11168. Clones were selected for on chloramphenicol-or kanamycin-supplemented MH agar plates, and positive colonies were confirmed by PCR. Double-deletion mutants were constructed by growing mutant strains on MH agar plates supplemented with the appropriate antibiotic for 3 days under microaerophilic conditions at 37°C. The mutant strains were then cultured overnight in biphasic flasks, spotted onto MH agar plates, and allowed to grow overnight. DNA extracted from strains containing the desired secondary gene deletion was naturally transformed into the C. jejuni mutant strains grown on the MH agar plates. Clones were selected for on chloramphenicol-and kanamycin-MH agar plates, and PCR was used to confirm the presence of both mutated genes.
Construction of complemented strains. Complemented C. jejuni NCTC11168 mutant strains were constructed as described previously (18) . Target genes were amplified from extracted C. jejuni genomic DNA using the high-fidelity polymerases Pfx (Invitrogen), Pwo (Roche), or Phusion (Finnzymes). The amplified gene products were subsequently directionally cloned into XhoI (Invitrogen)-digested pRRK (18) using the In-fusion Dry-down cloning kit. The plasmids were sequenced to confirm the absence of mutations in the target genes. The corresponding C. jejuni mutant strains were then naturally transformed with the final construct, and successful transformants were selected for on MH agar plates supplemented with chloramphenicol and kanamycin. Positive colonies were confirmed by PCR using the kanamycin cassette-specific primer AR56 and ribosomal region-specific primers ak233-ak235 (see Table S2 in the supplemental material).
Disc inhibition and motility assays. C. jejuni NCTC11168 wild-type, mutant, and complemented strains were grown for 3 days under microaerophilic conditions on MH agar plates supplemented with chloramphenicol and/or kanamycin as required. Strains were then cultured in biphasic flasks overnight and subsequently diluted to an optical density at 600 nm (OD 600 ) of 1 in MH broth. For each strain, 100 ml of MH agar (cooled to approximately 45°C and supplemented with 20 mM sodium fumarate when required) was prepared, followed by the addition of 4 ml of the culture at an OD 600 of 1.0. The C. jejuni-MH agar mixture was then poured in equal volumes into three petri dishes and allowed to solidify. Paper discs (6-mm diameter) were placed upon the surface of the agar, followed by the addition of 10 l 3% H 2 O 2 , 3% cumene hydroperoxide (CHP), and 90 mM menadione sodium bisulfite (MND) to each paper disc. Next, the MH agar plates were incubated under microaerophilic conditions, and the diameter of growth inhibition (mm) was measured after 28 h. Each mutant and complemented strain was tested in at least biological triplicate. The averages of the clear zones were used to determine if statistically significant differences existed between the mutant, complemented, and wild-type strains, using Bayesian statistical analysis. P values of Ͻ0.001 were considered statistically significant.
The motilities of all strains were assayed on 0.4% MH agar plates. Plates were incubated for 28 h under microaerophilic conditions at 37°C, followed by measurement of the diameter of motility (mm). Motility assays were performed in at least biological triplicate, and statistical significance was determined using Bayesian statistical analysis (a P value of Ͻ0.001 was considered significant).
Chick colonization model. The chick colonization model for C. jejuni was employed as described previously (19) . Briefly, 1-day-old, specificpathogen-free layer chicks, raised at Ottawa Laboratory (Fallowfield) (OLF), Canadian Food Inspection Agency (CFIA), were housed in groups of 10 in temperature-controlled isolators (32 to 34°C) and provided with clean water and a commercial, custom-made chicken crumbles feed (Ritchie Feed and Seed, Ottawa, Ontario, Canada). C. jejuni strains were grown on MH agar plates for 3 days under microaerophilic conditions at 37°C. Several colonies from each plate were then selected and transferred to 0.4% MH agar motility plates and allowed to grow for an additional 48 h. The most motile C. jejuni organisms from the motility plates were then subcultured in biphasic flasks and grown overnight. The cultures were then centrifuged, resuspended in fresh MH broth, and diluted to approximately 10 5 CFU/ml. Each chick was orally inoculated with 0.5 ml of the prepared culture. To confirm that the chicks received approximately the same number of viable C. jejuni organisms for each strain tested, the inoculums were serially diluted and plated onto MH agar plates. The plates were incubated for 1 to 2 days under microaerophilic conditions before enumeration. The chicks were euthanized at 7 days postinoculation, and the ceca were collected and individually weighed. The cecal contents were homogenized, serially diluted, and plated onto selective Karmali agar (Oxoid) supplemented with chloramphenicol and/or kanamycin as required. The Karmali plates were incubated for 2 days under microaerophilic conditions at 42°C, and the resulting colonies were counted. Colonization levels of wild-type, mutant, and complemented strains are expressed as CFU/g cecal content, and statistical significance was analyzed using a nonparametric Mann-Whitney rank sum test. Strains were considered significantly different from the wild-type at a P value of Ͻ0.05. Chicks were used in accordance with regulations outlined by the Canadian Council on Animal Care, and experimental procedures were approved by the animal care committee at OLF, CFIA.
RESULTS
Selection of genes encoding proteins potentially involved in oxidative stress defense and production of a library of isogenic deletion mutants. The major objective of this study was to sys- temically identify genes encoding proteins involved in oxidative stress defense in C. jejuni. These genes are commonly induced by oxidants. Based on this premise, we mined the transcriptome data of C. jejuni exposed to menadione (a superoxide generating agent), cumene hydroperoxide (an organic hydroperoxide), or H 2 O 2 (an inorganic peroxide). This analysis led to the selection of 57 gene candidates responsive to one or more of the oxidants tested (Bayesian P value of Ͻ10 Ϫ4 ) (16) . In C. jejuni, the transcriptional regulator PerR is known to repress genes involved in oxidative stress defense (17) . In Bacillus subtilis, PerR senses peroxide by Fe 2ϩ -catalyzed oxidation of its regulatory binding site (consisting of 2 histidines) leading to gene derepression (20) . We previously characterized the PerR regulon by microarray analysis and identified 104 PerR-regulated genes, with 82 of them being PerR repressed (Bayesian P value of Ͻ10 Ϫ4 ) (16) . Based on these transcriptomic analyses, we selected a total of 127 genes as potential candidates for genes of the oxidative stress defense system (see Table S3 in the supplemental material). These genes were upregulated in response to at least one of the three oxidants tested and/or were PerR repressed (fold change of Ͼ1.5 with a P value of below 10 Ϫ4 ). Genes that were slightly below the cutoff Bayesian P value of 10 Ϫ4 but encoded proteins of functional interest were also included in the final selection (for a total of 145 targeted genes; see Table S3 in the supplemental material).
Next, the selected genes were targeted for isogenic mutant construction to characterize their role in oxidative stress defense. The mutants were constructed by allelic exchange to introduce a chloramphenicol resistance cassette to disrupt the gene of interest (as described in Materials and Methods). Using this approach, we successfully constructed 109 isogenic deletion mutants (Table 1) from the total 145 gene candidates (see Table S3 in the supplemental material). The construction of the remaining 36 mutants failed after multiple attempts, suggesting an essential role of the targeted genes and/or poor recombinogenic potential. Indeed, of the 36 mutants that were not obtained, 7 of the genes have been identified as essential in C. jejuni, with an additional 10 located next to essential genes (21) .
Phenotypic analysis of the mutant library identifies C. jejuni protective mechanisms against oxidants. To identify protective mechanisms against oxidants, the entire mutant library was tested for hypersensitivity or resistance to exposure to H 2 O 2 , cumene hydroperoxide, and/or menadione bisulfite by disk inhibition assays ( Fig. 1 ; see Table S4 in the supplemental material). Of the 109 mutants tested, 22 were either hypersensitive or more resistant to one or more of the oxidants ( Fig. 1; Table 2) , with values considered significant at a P value of Ͻ0.001 using Bayesian statistical analysis. Of the 22 mutants that had a phenotype, 16 displayed increased sensitivity to one or more of the oxidants. Nine mutants were specifically hypersensitive to H 2 O 2 (⌬flgP, ⌬cj0062c, ⌬cj0344, ⌬flgI, ⌬flgK, ⌬flgL, ⌬cj1388, ⌬acnB, and ⌬tonB2), 4 were specifically hypersensitive to menadione sodium bisulfite (⌬flgR, ⌬flhB, ⌬flgD, and ⌬pseB), 2 were hypersensitive to both H 2 O 2 and menadione sodium bisulfite (⌬flgH and ⌬cj0947c), and 1 was hypersensitive to both H 2 O 2 and cumene hydroperoxide (⌬pstC). The remaining 6 mutants displayed increased resistance to the oxidants tested relative to the wild-type C. jejuni. Of these 6 mutants, 2 were specifically more resistant to H 2 O 2 (⌬cj0358 and ⌬exbB1), and 4 were specifically more resistant to cumene hydroperoxide (⌬cj1623, ⌬cj1159c, ⌬chaN, and ⌬cj0260c). These 22 genes group into a wide range of functional categories, including several that are not often identified as having an important role in oxidative stress defense. The categories include detoxification (⌬cj0358), cation transport/binding proteins (⌬chaN, ⌬exbB1, and ⌬tonB2), energy metabolism (⌬acnB), surface structures (⌬flhB, ⌬flgD, ⌬flgH, ⌬flgI, ⌬flgK, ⌬flgL, and ⌬pseB), membranes, lipoproteins, and porins (⌬cj1623 and ⌬flgP), hypothetical proteins (⌬cj0062c, ⌬cj0260c, ⌬cj0344, ⌬cj1388, and ⌬cj1159c), and miscellaneous functions (⌬pstC, ⌬flgR, and ⌬cj0947c).
To confirm the observed phenotypes and rule out the possibility of secondary mutations or polar effects on neighboring genes, complemented strains were constructed for 19 of 22 of the mutant strains as described previously (18) (see Materials and Methods). Complementation of the mutants either partially or completely restored the wild-type phenotype for oxidant resistance ( Table 2 ), indicating that the specific genes mutated were responsible for the observed phenotypic differences. The partial but statistically significant restoration of the phenotype may be due to the differences in the level of gene expression between the complemented strain and wild-type C. jejuni (as gene transcription is driven from the kanamycin resistance cassette promoter in the complemented strains). Of the 109 mutant strains, 87 mutants showed no detectable phenotype toward oxidants (see Table S4 in the supplemental material), suggesting that these genes are not functionally important for cell protection against oxidative stress under the assay conditions.
In vivo chick colonization assays of oxidant-sensitive mutants reveal genes with important roles in colonization of chick ceca. To investigate the biological significance of important oxidative stress defense genes in an in vivo setting, chick colonization assays were performed using the constructed isogenic deletion mutants. Mutants that were identified as being hypersensitive or more resistant to oxidants using the disc inhibition assay were prioritized for testing in the chick colonization assay. Mutants were also selected based upon their functional category (flagellar mutants with sensitivity to oxidants were not tested due to the motility defects associated with these strains). A total of 30 mutant and complemented strains were tested for their colonization ability. Of the 26 mutant strains, 19 (⌬flgP, ⌬flgR, ⌬pstC, ⌬cj1036c, ⌬acnB, ⌬cj0344, ⌬ald, ⌬trpF, ⌬cj0260c, ⌬cj0202c, ⌬cfbpB, ⌬cj0062c, ⌬cj0295, ⌬cj0947c, ⌬cj0073c, ⌬hypC, ⌬truB, ⌬cj1207c, and ⌬cj0554) had a significant reduction in their ability to colonize chick ceca relative to the wild-type C. jejuni strain, as shown in Fig. 2 . The remaining 7 strains (⌬cj1383c, ⌬chaN, ⌬rrc, ⌬exbB1, ⌬cj1209, ⌬cj1377c, and ⌬cj0814) were not significantly affected in their colonization levels relative to wild-type C. jejuni. Four complemented strains were tested (⌬flgPϩflgP, ⌬cj1036cϩcj1036c, ⌬cj0260cϩcj0260c, and ⌬cj0202cϩcj0202c), with the ⌬flgPϩflgP, ⌬cj1036cϩcj1036c, and ⌬cj0260cϩcj0260c complements showing statistically significant restoration of the phenotype compared to their respective mutants (Fig. 2) , confirming the observed in vivo phenotype. Importantly, the mutant strains assayed in the chicks did not display any in vitro growth defects, except for the flgR and cj0947c mutants (see Fig. S1 in the supplemental material). Thus, it cannot be ruled out that the attenuated colonization observed in these strains is due to general growth defects in addition to increased susceptibility to oxidants. Fumarate supplementation restores the menadione sensitivity of flagellar biogenesis mutants to wild-type levels. Of the 22 oxidant-sensitive mutants identified, 10 mutants, constructed with mutations in genes encoding components of the flagellar apparatus (FlhB, FlgD, FlgI, FlgK, FlgL, FlgH, and FlgP), proteins involved in flagellar modification (PseB and FlgP), and the flagellar regulatory protein FlgR, exhibited significant hypersensitivity to one or more of the three oxidants tested. Importantly, the complemented strains for these mutants displayed sensitivity to oxidants to levels comparable to those of the wild-type parental C. jejuni strain (Table 2) . Although several flagellum gene mutants were not affected in oxidative stress resistance (flgG, flgG2, flgE, flgE2, flaG, fliK, flgM, maf4, maf6, and maf7), the present results indicate an important role for the flagella in oxidant sensitivity within C. jejuni. Interestingly, all the flagellum mutants that were sensitive to oxidants also displayed reduced motility (Table 3) . Conversely, the flagellum mutants that remained motile (flgG, flgG2, flgE, flgE2, flaG, fliK, flgM, maf4, maf6, and maf7) showed no defect toward oxidant sensitivity (see Table S4 in the supplemental material). Moreover, mutation of the flgP gene, which encodes a lipoprotein required for motility but not flagellum biogenesis (22) , resulted in significant hypersensitivity toward oxidants. These observations suggest that it is bacterial motility as opposed to the flagellum apparatus itself that is key for oxidant resistance.
To further investigate this finding, we constructed a ⌬motAB double mutant. The motA and motB genes encode the flagellar motor apparatus, which utilizes the proton motive force across the inner membrane to drive flagellar rotation (23, 24) . Previous studies using a ⌬motAB mutant have found that this mutant produces a full-length flagellum but is nonmotile (25) . Consequently, we tested our ⌬motAB mutant for sensitivity to oxidants. Interestingly, the ⌬motAB mutant displayed significantly increased sensi- tivity to all 3 oxidants ( Fig. 1; Fig. 3 ), providing further evidence for a link between motility and oxidant sensitivity in C. jejuni. Complementation of ⌬motAB restored the motility of the ⌬motAB strain (Table 3 ) and sensitivity to H 2 O 2 and cumene hydroperoxide to wild-type levels (see Table S5 in the supplemental material). Restoration of the phenotype in the presence of menadione was, however, not found to be statistically significant (Fig. 3) . The flagellar motor utilizes the proton potential of the inner cell membrane to generate torque for rotation (24) . Consequently, flagellum mutants may conceivably exhibit a disturbed proton potential, which in turn may perturb the activity of the electron transport chain (ETC). The ETC is known to be the main source of endogenous ROS production (8) . Therefore, ETC disturbance may cause increased production of ROS through electron leakage, leading to the observed hypersensitive phenotype of the flagellum mutants. It has been well documented that electron leakage at complexes I and III of the ETC lead to the endogenous production of superoxide (26) . Disruption of proton/electron flow could also lead to the production of harmful oxy-intermediates and free radicals at complex IV (cytochrome c oxidase), which is the only ETC complex that directly interacts with molecular oxygen (26) . To test this hypothesis, we assessed the oxidant sensitivity of the flagellar mutants in the presence of an alternative terminal electron acceptor, fumarate. The use of fumarate allows cellular respiration to occur without the involvement of complex IV (6) . As shown in Fig. 3 , the ⌬motAB, ⌬flgD, ⌬flhB, and ⌬flgH strains all displayed increased resistance to menadione when 20 mM fumarate was supplemented into the agar. Indeed, in the presence of fumarate, the ⌬motAB, ⌬flgD, ⌬flhB, and ⌬flgH mutants were no longer significantly sensitive to menadione compared to the parental C. jejuni strain. Importantly, the reduced susceptibility of the flagellar mutants to menadione is specific to the motility defects observed in these strains and not due to any general antioxidant properties that fumarate supplementation may provide upon oxidant exposure. This observation is supported by the phenotypes obtained for the wild-type, ⌬sodB, and ⌬maf7 strains, which did not show a statistical difference in oxidant sensitivity in the presence of fumarate (Fig. 3) . Furthermore, the restoration of the phenotype was specific to menadione exposure. No significant decrease in sensitivity to either H 2 O 2 or cumene hydroperoxide was observed for the ⌬motAB, ⌬flgD, ⌬flhB, and ⌬flgH mutants (see Table S5 in the supplemental material).
Complex IV of the ETC is the primary site of menadioneinduced oxidative stress in the nonmotile flagellum mutants. The use of fumarate as an alternative terminal electron acceptor to oxygen alleviated the menadione-sensitive phenotype of the ⌬motAB, ⌬flgD, ⌬flhB, and ⌬flgH mutants. This result suggested that complex IV of the ETC (which interacts directly with molecular oxygen) may be a major contributor in generating endogenous superoxide stress when oxygen is present in these mutants. This increased endogenous superoxide production may in turn make these mutants more susceptible to menadione-induced stress. Given that we had successfully constructed a deletion mutant of the CcoQ subunit of cytochrome c oxidase (23), we subsequently constructed ⌬motAB ⌬ccoQ, ⌬flgD ⌬ccoQ, ⌬flhB ⌬ccoQ, and ⌬flgH ⌬ccoQ double-deletion mutants to determine if complex IV plays an important role in generating oxidative stress. Deletion of ccoQ in tandem with the flagellum mutations significantly reduced the hypersensitivity phenotype of the individual flagellum mutants toward menadione (Fig. 3) . Thus, complex IV of the ETC contributes to the increased sensitivity to menadione in the flagellum mutants. Similar to the results in the presence of fumarate, no significant restoration of the phenotype toward either H 2 O 2 or cumene hydroperoxide was observed for the doubledeletion mutants relative to their respective single-deletion mutants (see Table S5 in the supplemental material), showing that complex IV specifically contributes toward menadione sensitivity. Overall, these findings suggest that in nonmotile flagellum mutants, superoxide stress originates specifically at complex IV of the ETC, leading to the hypersensitivity observed in these strains.
DISCUSSION
Bacterial pathogens that colonize the intestine are threatened by the host innate and adaptive immune responses and face hostile conditions, including the production of ROS. Under the auspice of the gut, oxygen is reduced to superoxide anions (O 2 ·Ϫ ) which can freely diffuse across cell membranes, damaging DNA, proteins, and lipids. Moreover, the presence of pathogenic bacteria triggers activation of the NOX family of enzymes and yields potent O 2 ·Ϫ (27) . Pathogens have evolved mechanisms to detoxify and protect themselves from ROS in order to survive and colonize the gastrointestinal tract. To date and despite the physiological importance of oxidative stress defenses, only eight major detoxification enzymes/proteins have been identified and characterized within C. jejuni: AhpC (alkyl hydroxyperoxide reductase), SodB (superoxide dismutase), KatA (catalase), Tpx (thiol peroxidase), Bcp (thiol peroxidase), Dps (bacterioferritin), MsrA/B, and Cj1386 (an ankyrin-containing protein involved in heme trafficking to catalase) (11, 13, 14, (28) (29) (30) (31) . To deepen our knowledge of genes and/or mechanisms involved in oxidative stress defense, we constructed a collection of 109 mutants with targeted mutations in genes that were previously shown to be induced by oxidant exposure and/or to be regulated by the peroxide stress regulator PerR. This collection constitutes a unique resource to comprehen-
FIG 3
The use of an alternative electron acceptor or tandem deletion of ccoQ in flagellar mutants restores sensitivity to menadione to parental C. jejuni levels. Wild-type, isogenic single-and double-deletion mutants, and complemented C. jejuni strains were assessed for sensitivity to 90 mM menadione using disc inhibition analysis. When required, the MH agar was supplemented with 20 mM sodium fumarate (fum). The diameter of the zone of inhibition is represented as the mean clear zone Ϯ standard error (in mm) for each strain after exposure to 10 l of 90 mM menadione bisulfite. Each experiment was repeated in at least quadruplicate. Values were considered significant (*) at a P value of Ͻ0.05 using one-way analysis of variance (ANOVA). Black bars, wildtype and mutant C. jejuni strains; white bars, strains plus fumarate; gray bars, double-deletion mutant strains.
sively identify the measures employed by C. jejuni to cope with oxidative stress. All 109 mutants were screened for sensitivity or resistance to H 2 O 2 , cumene hydroperoxide, and/or menadione sodium bisulfite using disc inhibition assays. Strikingly, only 20% of the constructed mutants had measurable phenotypes under the conditions tested. There are several reasons why phenotypes were not observed for all 109 mutants screened. First, it is important to note that the microarray analysis of the oxidant stimulons and PerR regulon were conducted in iron-restricted MEM␣ medium, whereas the oxidant inhibition assays were performed under ironreplete conditions in Mueller-Hinton (MH) agar. Changes in the growth medium can significantly alter gene expression patterns. This is especially true for the three main oxidative defense genes in C. jejuni, katA, ahpC, and sodB. The expression of these three genes is iron responsive, and both katA and ahpC are regulated by iron-dependent transcriptional regulators (13, 17) . In addition, both katA and sodB require iron or iron cofactors for their catalytic function (14) . These changes in C. jejuni's antioxidant potential could influence the phenotypes observed. Second, many antioxidant proteins have overlapping and compensatory roles in detoxifying oxidants. This has already been reported for C. jejuni with the redundancy observed between the Tpx and Bcp proteins (11) . While mutants with single mutations in these genes were not affected in oxidant sensitivity, the double mutant displayed significant sensitivity to oxidants. Thus, several mutants with mutations in genes identified using transcriptomic approaches may not exhibit a phenotype unless these are deleted in tandem with other genes. Indeed, we have demonstrated that tandem deletion of the flagellum mutant genes with ccoQ restored the oxidant sensitivity of these mutants. Third, oxidant exposure likely induces genes involved not only in oxidative stress resistance but also in protection against other stresses. This last hypothesis would explain the unchanged phenotype of several mutants, including those with mutations in drug efflux pumps (cmeA and cj0309c), the stringent response (spoT), sulfonamide resistance (folP), and potential osmotic and/or temperature resistance (truB), with regard to oxidative stress defense. Finally, we also identified genes involved in C. jejuni's growth, energy metabolism, and biosynthesis that were not directly related to ROS detoxification and protection, which are likely a response of the bacteria to oxidant exposure and thus do not display a phenotype.
Despite these limitations, however, a total of 22 mutants displayed a phenotype toward oxidant exposure. Importantly, to confirm the observed phenotypes and rule out possible polar effects or secondary mutations, the mutants were complemented, which resulted in full or partial restoration of the wild-type phenotype, in agreement with the role of these genes in oxidative stress defense. These genes encode two major groups of proteins, those directly involved in protective mechanisms and those contributing to metabolic rearrangements which indirectly affect the endogenous production of ROS. Work from our lab and others has previously identified several genes involved in the direct detoxification of oxidants, including the well-characterized katA, ahpC, and sodB genes (13, 14, 16, 28, 29) . Despite our expectations, results from the mutant screening identified relatively few novel genes directly involved in detoxification. Indeed, with the exception of both rrc (cj0012c) and cj0358, we did not identify any genes with phenotypes toward oxidants that are directly involved in detoxification. Rrc is a unique C. jejuni protein and appears to be a chimera of rubredoxin oxidoreductases (Rbo) and rubreythrins (Rbr) found in other bacteria (32) . From our study, although just below our very stringent cutoff for statistical significance (P Ͻ 0.001), inactivation of rrc led to increased sensitivity to menadione sodium bisulfite and H 2 O 2 (P ϭ 0.00522 and 0.0052, respectively). Furthermore, cj0358, encoding a putative cytochrome c peroxidase (23), displayed increased resistance to H 2 O 2 . Although the in vitro results suggest important roles for Rrc and Cj0358 in cellular defense against oxidants, the ⌬rrc mutant and the ⌬cj0358 mutant (CJJ0382 in C. jejuni 81-176) were not significantly affected in their ability to colonize the ceca of chicks (our work and reference 33). Thus, it appears that C. jejuni relies primarily on KatA and SodB to detoxify H 2 O 2 and superoxide, respectively, during colonization despite deletion of Rrc or Cj0358.
In addition to rrc and cj0358, our screen identified 20 genes indirectly contributing to protection against oxidant exposure. These genes encode proteins involved in flagellum biogenesis, energy metabolism, cation transport, and general bacterial physiology. The larger number of genes involved in secondary or indirect protection mechanisms reflects the paucity of genuine oxidative defense pathways in C. jejuni. Indeed, it is now clear from our work that this organism primarily relies on KatA, AhpC, and SodB to prevent cellular damage from ROS. As a result and compared to other bacteria, C. jejuni processes a relatively small number of genes involved in direct ROS detoxification, suggesting a rudimentary oxidative stress defense system. This somewhat simple defense system is surprising given the continuous exposure of C. jejuni to ROS in the gastrointestinal tract and during inflammation. In particular, the lack of enzyme isoforms present in other bacteria (e.g., multiple superoxide dismutase [SOD] enzymes) suggests that these multiple defense pathways might not be essential for C. jejuni gut colonization.
Among the genes indirectly contributing to oxidative defense pathways, the largest single functional category is those that encode proteins involved in flagellum biogenesis. More specifically, we found that defects in bacterial motility were indirectly responsible for the increased sensitivity to the superoxide generator menadione. Mutants that displayed a reduced or nonmotile phenotype likely experience a disrupted proton gradient and consequently electron leakage along the ETC, contributing to increased endogenous O 2 ·Ϫ production and thus increased oxidative stress in these strains. In support of this, fumarate supplementation or tandem deletion of ccoQ in nonmotile flagellum mutants significantly reduced menadione-induced cell death. From these results, complex IV of the ETC appears to be a particularly susceptible site for generating oxidative stress. Supplementation of the growth medium with an alternative electron acceptor such as fumarate likely reduces the additional oxidative damage that occurs at complex IV by promoting fumarate respiration, which does not use an oxygen-dependent oxidase. Furthermore, deletion of ccoQ in the nonmotile flagellum mutants restored the oxidant sensitivity to menadione, suggesting that this complex plays an important role in the generation of oxidative stress. Although the precise mechanism by which complex IV generates stress in these strains is unknown, it is clear that bacterial motility and a functional ETC are required to minimize superoxide-induced stress in the presence of menadione.
Mutants with the cation transport and/or binding proteins ChaN, ExbB1, and TonB2 inactivated also displayed significant differences in their resistance to oxidants. The ⌬chaN mutant exhibited increased resistance to H 2 O 2 (P ϭ 0.002) and cumene hydroperoxide, whereas ⌬exbB1 was more resistant specifically to H 2 O 2 . The ⌬tonB2 mutant was more sensitive to H 2 O 2 than the wild-type strain. ChaN is an iron-regulated lipoprotein that binds two heme groups per dimer and is thought to be involved in heme trafficking (34) . Based on the phenotype of the ⌬chaN mutant, it is tempting to speculate that the heme-sequestering capacity of ChaN might limit the amount of heme trafficking to the major H 2 O 2 detoxifier in C. jejuni, KatA, explaining the observed resistance of the mutant to H 2 O 2 . Likewise, the exbB1 energy transduction protein was also found to have increased resistance to H 2 O 2 . The potential role of ExbB1 in oxidative stress defense is unclear; however, it is interesting to note that exbB1 is located downstream from chaN and also displays a similar phenotype. Moreover, and in contrast to the ⌬exbB1 mutant, the ⌬tonB2 mutant displayed significant sensitivity to H 2 O 2 , indicating that TonB2 plays an important role in hydrogen peroxide defense. Although the precise role that tonB2 plays in oxidative stress defense is unknown, it is possible that deletion of this gene causes disruption in energy transduction for processes important to oxidant defense. While none of the other mutants with deletions in iron acquisition genes were affected in oxidative stress resistance, phenotypic characterization under iron-limited growth conditions would be required to refute or validate their potential role in oxidant defense.
Our previous transcriptomic work pointed to a role for genes involved in energy metabolism in protection against oxidants. Among the 7 mutants constructed with mutations in energy metabolism genes, ald, cj1377c, cj1207c, hypC, ccoQ, cj0073c, and acnB, only the ⌬acnB (aconitase) mutant exhibited a phenotype. This mutant was hypersensitive to H 2 O 2 and menadione sodium bisulfite. In E. coli, the AcnA and AcnB proteins have been implicated in posttranscriptional regulation. Following oxidative damage to the iron-sulfur clusters of AcnA or AcnB, the apoproteins specifically bind and stabilize the 3= untranslated regions (UTRs) of their respective mRNA transcripts, resulting in increased synthesis of their respective proteins (35) . Moreover, the apo-aconitase proteins also posttranscriptionally regulate the synthesis of the SodA oxidative stress defense enzyme as well as many other proteins involved in oxidative stress defense (35) . While our study shows a critical role for acnB in oxidative stress defense, whether AcnB has a posttranscriptional regulatory role for its own transcript or other oxidative stress defense genes such as sodB remains to be experimentally investigated.
Our phenotypic screen revealed a link between numerous general biological processes and oxidative stress defenses. Mutation of pstC, encoding a putative phosphate transport system permease protein, revealed increased sensitivity to H 2 O 2 and cumene hydroperoxide relative to that of the wild-type strain. Given the requirement for phosphorous for numerous biological processes, bacteria consequently must be able to acquire phosphorous from the surrounding environment. Phosphorous is taken up into the cell in the form of inorganic orthophosphate (P i ). An important feature of P i is that it can be linked together by enzymes such as Ppk to form polyphosphates. Polyphosphates have important roles in pathogenesis, as studied in several bacterial pathogens, including E. coli, Pseudomonas aeruginosa, Helicobacter pylori, Vibrio cholerae, and Shigella flexneri (36) (37) (38) (39) (40) (41) (42) . Polyphosphate has been reported to be involved in processes within these bacteria such as motility, biofilm formation, acid, heat and osmotic stress, stationary-phase survival, and resistance to oxidative stress (36) (37) (38) (39) (40) (41) (42) . The increased sensitivity to oxidants in the ⌬pstC mutant suggests a role for phosphate acquisition and polyphosphate synthesis in the oxidative stress response in C. jejuni, which requires further investigation.
The requirement of antioxidant enzymes for successful colonization of C. jejuni in vivo has been previously demonstrated for the major detoxification enzymes KatA, AhpC, and SodB. Indeed, the ⌬katA, ⌬ahpC, and ⌬sodB deletion mutants were all significantly attenuated in colonization of the chick cecum, revealing the significant role that oxidative stress defenses play during colonization (16) . Subsequently, we sought to assay key genes identified from our phenotypic screening to assess their biological relevance using the chick colonization model. Among the strains tested, the ⌬acnB and ⌬pstC mutants were found to be significantly attenuated for colonization of the chick cecum. Mutants with deletions in the flagellum genes flgR and flgP were also affected in colonization; however, the attenuation observed for these mutants may also be a result of the motility defects associated with these strains. The cj0344, cj0947c, and cj0062c mutants all displayed a significant decrease in colonization relative to the wild-type strain. Given that the precise function that these genes have in oxidant defense is unknown, it cannot be ruled out that mechanisms other than oxidative stress defense contribute toward the observed in vivo phenotypes. Overall, the in vivo colonization experiments highlight the importance of these genes for chick colonization.
In this study, we report the construction of an isogenic deletion mutant library with mutations in potentially relevant oxidative stress defense genes as identified by microarray analysis. This genome-wide screening of a constructed library of oxidant-sensitive mutants is the first to be described for C. jejuni. Phenotypic characterization of the constructed mutants in both in vitro and in vivo assays revealed novel functions for genes important for oxidative stress defense within C. jejuni. We report a major role for genes involved in motility as an indirect contributor to oxidative stress through disruption of the ETC. These results have thus revealed an unexpected pathway used by oxidants to induce cell death in C. jejuni. We also identified important roles for acnB and cation transport and binding protein genes as well as roles for previously uncharacterized genes in oxidative stress defense. Future characterization of these oxidant defense genes will provide insight into their function and the role they play in oxidant detoxification within the cell.
